Elected F.R. S. 1970 B y A .J. B a il e y THE EXPLOSION of interest in the connective-tissue field over the past decade is based on the early intellectual contributions of just a few pioneering investigators. Miles Partridge was one of those few. He will be best remembered for the characterization of elastin from a histo logical entity to a protein in its own right, and for demonstrating how its unusual structure results in a rubber-like elasticity. He also identified the glycoprotein in aortic elastin that was later shown to exist as microfibrils and to be involved in directing the elastin fibre during development. He made a major contribution to the elucidation of the basic structure of the glycosaminoglycans by his initial representation of chondroitin sulphate as a bottle-brush structure consisting of a protein core and numerous side chains of polysaccharides.
He chose these topics firstly because very little was known about these structures and they were considered by his contemporaries to be insoluble problems, and secondly because it was not in his nature just to extend or confirm other people's work. Miles Partridge clearly possessed a vision of connective tissue well ahead of his time, and his legacy has been to provide openings into areas previously thought to be intractable. He can therefore rightly be considered one of the fathers of connective-tissue biochemistry.
B a c k g r o u n d
Stanley Miles Partridge was born in Whangarei, New Zealand, on 2 August 1913, his father and mother having emigrated from England in 1912. His father, who had joined a cav alry regiment on leaving school, was inducted into the New Zealand army as a sergeantmajor instructor but was killed in action with the ANZAC expeditionary force at Gallipoli in 1915. Consequently he and his mother returned to England. Apparently the journey home was not without its hazards -the passenger ship was chased by a German cruiser almost to the Arctic, the extended passage leaving the passengers without food. He sometimes reflected that this period of near-starvation may have been responsible for his poor health in later life.
Because he was a 'war-orphan' the New Zealand Government took responsibility for Miles's early education. His maternal grandfather had been a troop-major in the Third Dragoon Guards in India, and, based on this army background of both sides of Miles's family, the New Zealand Commissioner suggested he should attend a preparatory school prior to Dover College and an army career. However, family circumstances changed and he and his younger brother, Ernest, were sent to live with their grandmother in East Anglia. As a result, he avoided life as a soldier, an ordered career he later felt would not have suited him. His grandmother brought up ten children, only four of which were her own. He would often reminisce about the freedom of life in the fen-country and the days when he used to earn pocket money by catching moles. Miles's early school days were in a small village school in Heckington, Lincolnshire -very different from the private school in Dover. At the age of 12 he moved back to London to be with his mother and his step-father, Lt. C. McCarthy, R.N.V.R., and found a place at Harrow-on-the-Hill County School. After a slow start, per haps due to the relaxed atmosphere of the village school, he began to do quite well in a variety of subjects. Three years later he moved again, this time to Rounday School, Leeds, where he completed his secondary education and, like so many scientists, became interested in science because of a talented and enthusiastic school-teacher.
L ab b o y
On the basis of this early interest in science, Miles, who had now moved back to London with his family, successfully applied for a post advertised in the local newspaper as a 'scien tific apprentice' at May and Baker in Wandsworth. Despite witnessing several large-scale chemical reactions going out of control, or possibly because of this, he resolved to become a real scientist, but to achieve this required working full-time for a degree in chemistry rather than studying at night-school. In this venture he was helped by Dr A. Ewins who was later involved in the development of the sulphanilamides and the discovery of sulphapyridine (M & B 693), for which he was elected F.R.S.
Unfortunately, London University did not recognize Miles's Northern Universities Matriculation and he had to undertake a correspondence course and pass the London Matriculation within the few months prior to the start of the next academic year. On passing the examination he was admitted to the Chemistry Department at Battersea College of Technology for a London University degree. E arly r e se a r c h During the degree course he was taught organic chemistry by the head of the Chemistry Department, Dr J. Kenyon (later F.R.S.), and deciding that organic chemistry was both ele gant and intellectually stimulating he joined Kenyon's laboratory as a Ph.D. student on com pletion of his degree.
Grants were not easy to come by at Battersea and surprisingly, at least to those who knew him later in life, he built some chicken houses and set up a thriving concern selling eggs, a venture that gave him some financial independence and a motorcycle to ease his travelling problems.
Kenyon's research at this time was the study of prototropic and anionotropic reactions by measuring the change in optical activity following the course of the tautomeric reaction under different experimental conditions, and resolving the unstable reactant and the product into optical enantiomers.
One of Miles's particular problems was to study the tautomerism of polyvinylcarbinol (I), the unstable isomer, and the product methylstyrylcarbinol (II) formed during the anionotropic reaction:
To confirm this reaction both carbinols had to be synthesized using the Grignard reagent, purified, crystallized and then the hydrogen phthalate salt prepared. The resolution of both enantiomers of these isomers was achieved by crystallization of the alkaloid salts. Many of these compounds were new and had therefore to be thoroughly characterized by the prepara tion of several crystalline derivatives, and the physical parameters of each determined before they could be recorded in Beilstein for posterity.
A typical prototropic reaction system studied was As often happens in a research career, this apparently isolated example proved to be the source of an important idea during Miles's later work on the elastin cross-links.
It is worth noting that the research undertaken with Kenyon, typical of organic chemistry at that time, involved the isolation, purification and characterization of new organic com pounds. This demanded such a rigorous approach to analysis that the training remained with him throughout his research career, i.e. all new compounds had to be obtained in crystallized form or the results were not believable. The work for his Ph.D. was productive, five papers being published in the Journal o f the Chemical Society and one in Nature. However, he began to recognize that, despite the aesthetic appeal of organic chemistry, a more rewarding long-term career would have to involve biochemistry, a new subject providing the back ground science to understanding important medical questions.
Having completed his Ph.D. in 1937 Miles found it difficult to find employment in acad emic research and took the temporary post of chemist to a firm manufacturing screens for cinemas, which were then converting to 'talkies' and growing rapidly in number. These screens consisted of white leather cloth coated with fine glass beads and perforated to allow the sound from the speakers behind the screen to pass through to the audience. Despite his success in increasing the efficiency of the processing of the screens he really wanted to return to academic research.
This industrial interlude lasted two years before he was offered a post-doctoral position in Dr W.T.J. Morgan's (later F.R.S.) laboratory at the Lister Institute of Preventive Medicine, Chelsea. The post was sponsored by the Grocers' Livery Company to undertake medical research, which was exactly what he wanted, and despite a drop in salary he gratefully accepted the offer. Fortunately, after two years he was offered the prestigious Beit Memorial Research Fellowship which provided an adequate salary. In 1940, feeling slightly more financially stable he decided to marry Ruth Dowling whom he had met some five years ear lier at Battersea College. He proposed in the middle of an air-raid on London with shrapnel flying everywhere, she accepted and they set up house in Harrow Hill.
Dr Morgan had shown that the somatic antigen of Bacteriodes dysenterae (Shiga) could be separated into three parts: a polysaccharide that carried the immunospecificity, a protein that was necessary to produce active antigenicity in animals, and a lipid portion that was probably involved in the formation of micelles. The obvious research direction was to deter mine the chemical structure of the antigen. To study these antigens it was necessary to deter mine both the amino acid composition of the protein part and the composition and structure of the polysaccharide. However, in contrast to the synthetic organic studies carried out with Kenyon -in which the rules of reaction worked out by Robinson, Ingold and Kenyon occurred with a degree of certainty and could therefore be precisely followed -the study of biochemical macromolecules of protein and complex carbohydrates was at a stage when little was known of the structure of these macromolecules. If several hundred grams of material had been available it might have been possible to determine the amino acid composition or the structure of a polysaccaride within two years. It was therefore necessary to adopt a dif ferent approach to research, and following Morgan's example he realized that this type of work required a 'long-term view' and the need to spend a considerable amount of time devel oping useful micro-analytical techniques was a priority. For example, Morgan's development of the Elson-Morgan colorimetric method for hexosamines was crucial to the determination of the composition of the polysaccharides. Interestingly, this method was also to become the cornerstone of later analyses of the glycosaminoglycans. Despite the absence of appropriate methods, in the two years they managed to elucidate the gross structure of the macromolecular complexes forming the active Bacteriodes dysenterae and to start to define the role of the various constituents.
The Lister Institute was bombed at the beginning of the war and many of the staff left for other laboratories. It was at this time that Miles was approached by Dr E.C. Bate-Smith to join him at the Low Temperature Research Station for Biochemistry and Biophysics, University of Cambridge (LTRS), which was the centre for food preservation. The proposed work was therefore of considerable importance to the war effort and there could be no grounds for objection. The LTRS was founded in 1922 by Sir William Hardy, F.R.S., of Cambridge University and was financially supported by DSIR to study the basic principles of food preservation. Sir William, who was Biological Secretary of the Royal Society and Chairman of the Royal Society Food (War) Committee during World War I, became con cerned at the waste of perishable foods. After the war the Food Investigation Board recom mended the establishment of a suitable cold storage laboratory. The laboratory was unique, possessing 40 constant temperature rooms from -40°C to +40 C maitained to an accuracy of 0.1°C. By 1939 it was the centre of excellence on which to base the UK war-time food preservation programme. W a r y e a r s : [1939] [1940] [1941] [1942] [1943] [1944] [1945] Several alternatives were being investigated for the dehydration of all foods, for reduced bulk transportation from across the world to the civilian population and for preservation of armed forces' rations in the war zones. Freeze-drying, then a new technique which is now commonplace, was being investigated, but they found that the most cost-efficient system with meat was oven drying of partly cooked minced meat. Laboratory studies on air speed, temperature and relative humidity led to the design of a pilot-plant based on the 'Torry Kiln' originally designed for processing herrings. Controlled pilot-plant studies were successful and production plants were set up in Belfast, and at the Torry Research Station in Aberdeen. Based on the success of the system Miles and his colleague R.G. Westall were asked by the Indian Government to act as scientific advisors for the installation of five plants at Peshwar, Amritsar, Delhi, Madras and Poona for the drying of goat and sheep meat. The supervision of these installations allowed Miles to travel extensively throughout India.
Although he had to work hard to keep in touch with the various plants, which involved covering long distances, he found, as many before him, the lack of urgency by the Indian Government departments rather frustrating. Following the end of the war in the Far East, his contract with the Indian Government was terminated, the date of which coincided with the day appointed for the withdrawal of the British forces. At that time there was a general air of gloom regarding the prospect of civil war when the British finally left India. It was therefore with few misgivings that he left Delhi for Britain on the last train before transfer of power.
C o n n e c t iv e t is s u e , L o w T e m p e r a t u r e R e s e a r c h S t a t io n , C a m b r id g e
1945-67
The contact with E.C. Bate-Smith at the Low Temperature Research Station led to an offer from the then Director, C.S. Hanes, F.R.S., to set up a new section to study animal con nective tissue. Miles accepted the post on the condition that he could study the fundamental composition of the components of the various connective tissues. This was a bold move as not only was little known of the composition and structure of these insoluble proteins and their associated complex polysaccarides, but neither were the methods for analysis available. Like the investigations in Dr Morgan's laboratory, clearly years of development were required before there would be any chance of a successful determination of the structures. D e v e l o p m e n t o f a n a l y t ic a l t e c h n iq u e s Initial studies with J.R. Bendall and R.G. Westall involved the separation of amino acids using displacement chromatography on ion-exchange resins.1* The displacement technique could be up-graded to separate sufficient quantities of amino acids to allow determination of elementary analysis and their physical constants. This appealed to Miles for two reasons: firstly because his background was in organic chemistry and he took delight in preparing pure compounds, and secondly because it offered the opportunity to identify a new amino acid. At that time it was firmly believed that there were more than the generally known 20 or more amino acids present in proteins, even if present at low concentrations in the protein. However, no new amino acids were found.
At about this time, paper chromatographic separation of amino acids was being developed by Martin and Synge. Miles needed a micro method to separate sugars as well as amino acids and therefore applied the new paper chromatographic technique to this problem. This was found to be extremely successful, initially using phenol-water but finally the best solvent was found to be butanol -acetic acid -water with aniline hydrogen phthalate as a sensitive detection system.2 The technique became perhaps the best-known method of chromatography * Numbers in this form refer to entries in the reference list at the end of the text. used in most carbohydrate research laboratories. Indeed, until recently, his paper in Nature in 1949 was one of the most cited papers in the current literature.
Miles did not forget his interest in physical chemistry and one of his first pieces of equip ment was the moving boundary electrophoresis which was his pride and joy for many years. The instrument was, coincidentally, based on Tiselius's modification of Sir William Hardy's original technique for the study of proteins early in the century. The instrument was set up on a large optical bench and was capable of separating complex mixtures of proteins undreamed of in Hardy's days.
Although contributing to the study of the composition and structure of proteins, Miles was also happy when engaged in more practical applications of this work. He was interested in developing equipment to speed up his work; for example, a major problem was the large volume of solutions of amino acids eluted from the displacement columns that had to be reduced in volume. Manual rotation of a flask under vacuum in a hot water bath was very tedious so he developed an automatic rotary film evaporator.3 This type of instrument is still in common use in many laboratories. A second practical problem was the continuous collec tion of the eluate from the ion-exchange columns. Together with the instrument engineers in the LTRS he developed an automatic fraction collector using the collection of a specific volume, the weight of which activated a mechanism resulting in the movement of the frac tion collector to the next collection vessel.
At this time Moore and Stein in the US were developing the ion-exchange gradient elution system for analysis of amino acids. When Stanford Moore came to spend a sabbatical in Cambridge in 1951 Miles recognized the value of this technique for the rapid analysis of small amounts of protein and sent his colleague D. Elsden to learn the technique from Moore. In exchange Miles lent Moore an automatic fraction collector. They were therefore the first group in the UK to possess a fully operational rapid elution system for amino acid analysis of proteins in as little as 10 days! Stru c t u r e o f pr o teo g ly c a n s Cartilage is a mixture of polysaccharides and proteins and therefore suited Miles's inter ests. He chose this as his first connective tissue for analysis partly because it had features in common with the bacterial antigens he had worked with at the Lister Institute. Techniques were developed to extract the protein -chondroitin sulphate complex from the collagen without too much damage. After removal of the collagen it was found that in addition to the glycosaminoglycans a non-collagenous protein was present that could not be separated from the polysaccharide without mild hydrolysis with dilute acid or alkali. This indicated the pres ence of a unique protein-polysaccharide complex. The next stage was to determine the molecular mass of the complex, the protein and the polysaccharide chondroitin sulphate. Determining the molecular mass of proteins and peptides is a relatively simple procedure now, but at that time the average molecular mass had to be determined osmotically. Fortunately, Dr Gilbert Adair, F.R.S., worked in the adjacent laboratory at the LTRS and agreed to develop membranes of the characteristics required. Dr Adair was distinguished for his work on the molecular mass of haemoglobin using osmotic experiments with nitrocellu lose membranes. He prepared his own membranes by pouring a solution of cellulose nitrate over a rotating glass tube. Evaporation of the solvent was achieved by a precisely arranged combination of a slightly opened window and an electric fire! Despite the simplicity of the preparation, Dr Adair seldom failed to produce a membrane of the correct thickness and porosity. The osmotic pressure determinations on the complex still posed considerable diffi culties in view of its large size and the consequent low osmotic pressure. Despite these prob lems a molecular mass was obtained in the range of 1-5 x 106 Da. This led Miles to propose a bottle brush-like structure containing 20-100 chondroitin sulphate chains linked to a pro tein backbone.4 He suggested at the time that keratan sulphate chains were also attached to the protein backbone. For this original model Miles suggested that a proportion of the poly saccharide chains possessed free reducing groups, but this was later shown to be an error in the Somogyi-Nelson copper reduction method which, unfortunately, liberated reducing groups. Nevertheless, this model is the basis of the current structure.
E l a s t in
Elastic tissues of the body owe their highly elastic properties to the protein elastin, which is a major component of elastic ligaments, elastic blood vessels, lungs and, to a lesser extent, skin.
In the 1940s elastin was generally agreed to be the insoluble residue remaining after removal of other proteins and polysaccharides following treatment of connective tissues with fairly strong reagents such as hot alkali. Not surprisingly the amino acid composition reported by various laboratories differed widely. Further, many histologists considered the component in elastic tissues staining for 'elastin' was actually denatured collagen and were therefore of the opinion that elastin was not a unique protein but was derived from collagen. However, armed with the Moore and Stein system, Miles was in a position to extract the impurities from various elastic tissues -such as ligamentum nuchae, aorta, skin and elastic cartilage -and was able to provide a very accurate amino acid composition. He could also determine which histological structures were basically elastin and which contained mainly collagen and glycoproteins. If the protein residue from these different tissues produced the same amino acid composition then clearly it was the same unique protein. This indeed turned out to be the case, and the protein could therefore be justly named elastin.
Thus, although elastin was initially defined solely on the basis of its histological appear ance, through the work of Miles and his colleagues a precise chemical definition of elastin was reported in 1955.
During this time one of Miles's Ph.D. students in Cambridge, Michael Barnes, isolated a glycoprotein rich in polar amino acids from aortic elastic tissue which represented about 10% of the total protein. It was later shown that this glycoprotein is an important part of the elastic tissue. It can be readily observed in foetal ligaments and as development proceeds, amor phous elastin is deposited in and around the fibrils. The importance of this glycoprotein was demonstrated many years later when it was shown that these fibres probably act as a template to provide direction for the elastin fibres -a cylindrical arrangement in ligaments and as sheets in aorta. More recently it has been shown that Marfan's syndrome, often characterized by aortic aneurysms, is due to a single amino acid defect in the fibrillin gene, fibrillin being a major component of these microfibrils.
The stress-strain studies of Flory in 1958 provided evidence that elastic tissue in solvents such as 30:70 ethylene glycol:water behaved as an almost perfect elastomer, the stress-strain behaviour being attributable to entropy changes. This suggested that elastin consisted of long flexible peptide chains with little or no mutual attraction, but stabilized at regular intervals along the chains by covalent cross-linking. In this way a large insoluble polymer could be built up. Attempts were therefore made by Miles and his colleagues to solubilize the purified elastin and identify the cross-links. Advantage was taken of their previous discovery that when proteins were heated in dilute acid there was a preferential release of aspartic acid.5 Assuming this reaction occurred with elastin, which had a low aspartic acid content, one would be left with a small number of peptides which could be separated and the smaller ones sequenced using the FDNB technique newly developed by Sanger. The elastin did indeed go into solution with oxalic acid at 100°C. A surprising property of the solubilized elastin was that it formed a liquid precipitate, or 'coacervate', on warming to body temperature, and passed back into solution on cooling.
The next stage was to obtain the molecular mass of the solubilized protein. Determination of the molecular mass of the soluble elastin by osmotic pressure, using Dr Adair's cellulose nitrate membranes, gave values of 60-85 kDa, indicating considerable heterogeneity. From the TV-terminal end-group assay, using the quantitative FDNB technique of Sanger and the approximate molecular mass, it was possible to deduce that the soluble elastin was composed of 17 peptide chains containing an average of 35 amino acids each.6 These results clearly suggested that the 17 or so chains were cross-linked together by some new type of bond.
The long search to isolate the cross-linked peptides was then undertaken, with John Thomas and Donald Elsden carrying out the chromatography. Although the oxalic acid-solubilized elastin, referred to as a-elastin, turned out to be a very heterogeneous protein, it did provide the means to approach the cross-link structures since its unusual u.v. spectra sug gested the protein may be associated with unique amino acids. The initial approach was to isolate cross-linked peptides from an extensive enzymic digest of the purified elastin. Ionexchange resins of low porosity were prepared in the laboratory using progressively lower divinylbenzene content, which gave a consequent increase in pore size, and these were then used to separate the large peptides. These resins were prepared in the laboratory in beer bot tles, a large number of which were scattered on the floor, giving the occasional visitor quite the wrong impression. No clearly homogeneous peptide could be isolated but some of the peptides possessed a u.v. spectra indicating an unknown compound. When these peptides were hydrolysed, two unknown amino acids were detected on the amino acid analyser. The two compounds were therefore isolated directly from the acid hydrolysate of a kilogram of purified elastin, and the unusual amino acids separated by means of the displacement tech nique developed earlier for the isolation of amino acids on a large scale. From the elemental composition of each component and their titration curves it was concluded that the two com- Uh [GURE 1. Biosynthetic route to the formation of the desmosine isomers, including the di-and ti ponents were isomers, u.v. spectra compared with the /V-methyl quaternary derivatives of trimethyl pyridines established the structural relationship of the isomers.7 The compounds were then analysed in the Chemistry Laboratory in Cambridge by Dr Katritzky, who con firmed their structure using proton resonance spectrometry. Miles and his group proposed the names 'desmosine' and 'iso-desmosine' for these two new compounds. The word desmosine denotes a link or rivet linking the armoured plates of an ancient Greek soldier. The structure of the desmosines clearly indicated their derivation from lysine. This was supported by analysis of elastin from copper-deficient and P-aminopropionitrile-induced lathyritic chicks. The inhibition of the formation of cross-links by these treatments resulted in a significant increase in the proportion of lysine in the elastin. Formal proof of the incor poration of lysine into the desmosines was obtained by radio-isotopic labelling. The lack of facilities for this type of work at the LTRS meant that the labelling studies were carried out by Professor Albert Dorfman in Chicago. The results demonstrated that four molecules of lysine were incorporated into desmosine, the conversion of lysine to desmosine taking about 17 days. Further studies by Miles and his colleagues, and by Franzblau's group in the Boston, identified the precursors to these tetravalent desmosines. (See figure 1.) The specificity of the lysines associated with cross-links, compared with the remaining lysine residues, remained to be resolved. Support for the precise location of the cross-links has now been demonstrated by the amino acid sequence of these cross-link domains from cDNA sequencing -for example, peptides with the sequence Ala-Ala-Lys-Ala-Ala-Lys-Tyr-Gly-Ala. Potential cross-linking sites are those containing two or more lysine residues in close proximity, so that each can contribute to one half of a desmosine or iso-desmosine cross-link. Lysine residues adjacent to the alanine residues are regarded as efficient cross-linking sites, whilst phenylalanine residues appear to reduce the efficiency. These sequenced peptides only represent a small part of the elastin, the majority of the peptides containing sequences of hydrophobic residues, such as Val-Gly-Pro-Gly. There are therefore two types of domain in elastin, one alanine-lysine rich, which is associ ated with cross-linking and favours an a-helical configuration with the lysine side-chains projecting from the same side of the helix, and one containing many hydrophobic residues. Elastin is therefore made up of alternating domains of short cross-link regions and much longer hydrophobic domains in which there are no cross-links, and the peptide chains are thought to be randomly orientated and to move independently of each other.
Ala-Ala-Lys-Ala-Ala-Ala-Lys-Ala-Ala-Glu-Phe Ala-Lys-Ala-Ala-Lys-Tyr-Ala-Ala-Pro-Gly Even by the early 1960s Miles and his colleagues were still virtually the only group seri ously tackling the structure of elastin. However, their characterization of elastin and the elu cidation of the cross-linking mechanism not only opened up the whole field to other investigators, but identified its role in the elasticity of ligaments and aorta and consequently laid the foundation for later research into the loss of elasticity in ageing and the changes that occur in arteriosclerosis. Miles thought that the latest scientific results should always be widely discussed, and more than one US group were put on the right road following discus sions with him on his trips to US conferences. A number of larger groups have since become interested in the medical aspects of elastin. The current emphasis is on genetics and basic defects related to heritable diseases. B r is t o l , In 1965 the Agricultural Research Council, which had taken over responsibility for the LTRS in 1960, decided to close the laboratory and set up two new laboratories: a Meat Research Institute in Bristol and a Food Research Institute in Norwich. Miles was unhappy about having to move from Cambridge and lobbied vigorously for expansion of the LTRS in Cambridge. He also wanted the Bristol Insititue to be named after some important scientist, like many other AFRC Institutes, so that it did not have the connotation for very applied studies that the name 'Meat Research Institute' would carry. He preferred a continuation of the reputation for the type of fundamental science carried out on muscle and connective tissue by many of the staff at LTRS. Although accepting the value of applied problemsindeed he himself had been successful in this type of work -he felt that the implied concen tration on applied work would not attract top quality scientists. As he anticipated, he had to fight to maintain a critical mass of fundamental scientists. However, his position as Deputy Director and Head of Biochemistry, together with his reputation, managed to ensure that basic studies on connective tissue continued in Bristol and the Institute became internation ally recognized for its work on elastin, collagen and muscle structure.
As far as Miles was concerned, the chemistry of elastin had been completed and he there fore turned his attention to its neglected physical properties.
S t r u c t u r e -f u n c t io n r e l a t io n s h ip s in e l a s t in
Elastin has proved to be one of the most difficult fibrous proteins to solve in structural terms and several approaches have been taken to study the configuration of elastin chains in relation to the physical properties.
In a novel attempt to determine the structure from the state of the water in elastin, Miles determined the size of the water-filled pores by filling a column with elastin fibres and applying his old chromatographic expertise. A number of solutes of known Stokes radius were chromatographed to determine their respective elution volumes and from this the pore size was calculated. The values for the pore diameter, calculated for sugars and glycols ranging in molecular mass from 60 to 1000, were fairly constant at 3.0-3.5 nm.8 He favoured the interpretation that elastin is made up of a series of globular spheres, but then discussed the results with Torvard Laurent (Uppsala) who, using a different calculation, came to the conclusion that the data equally well fitted a system of parallel hydrated molecular rods of 0.8 nm diameter. The difference could not be resolved. Further attempts were therefore made in an attempt to visualize the structure in the elec tron microscope with the negative staining technique to avoid disturbing the water-swollen state. These studies were carried out with Dr S. Fitton-Jackson at Strangeways, Cambridge, and they observed a random pattern of globular structures of about the size determined in the elastin columns, no repeated structure or banding pattern being observed. Later, Professor L. Gotte (Padua, Italy), who had worked with Miles in Cambridge on the composition of elastin, visualized a system of beaded filaments of 3.5^1.0 nm diameter. Miles was able to observe similar filaments by using Gotte's technique and was of the opinion that these arose in response to the formation of regions of hydrophobic interaction squeezed out from the water continuum.
Miles proposed a structural model for elastin,9 based on the gel-filtration and electron microscope results (see figure 2) . This model involved a two-phase system composed of spherically globular molecules with the hydrophobic groups packed in the interior, and the globules linked by the desmosine cross-links. On stretching of the globular spheres, the increase in area meant that the interior hydrophobic groups became exposed to water, resulting in a decrease in entropy. On relaxation of the tension, whether the driving force returns to its original state depends on the interaction of the hydrophobic groups being buried away from the water. The rubber-like elasticity was therefore considered to be entropydriven, in agreement with Flory's stress-strain measurements, and over-extension is pre vented by the cross-links. The cross-link regions were, however, considered to be highly structured, and hence elastin could not be considered a perfect rubber as proposed by the bio physicists.
Torkel Weis-Fogh in the Anatomy Department, Cambridge, subjected elastin to a detailed analysis by micro-calorimeter to determine the heat exchange during stretching and relax ation of the elastin fibres in water and other solvents. For a random polymer, the heat exchange should be very small and equivalent to the potential energy stored in the fibre. However, in water the heat produced and absorbed when the fibre was extended and relaxed was considerable. Decreasing the water activity by glycols resulted in a reduction in the heat produced, whilst in formamide it was reduced to a value expected of a wholly entropic system. The microcalorimetry results led Weis-Fogh to the conclusion that all the elastin energy is stored in the reversible exposure of hydrophobic groups to water during stretching, and that their interaction takes place in a totally random or kinetically free polymer network.
Two views of the structure of elastin therefore evolved. The one favoured by the physical chemists was a system of polypeptide chains randomly coiled and theoretically free as in classical rubbers. In this structure it was considered that there was no interaction between the peptide chains and consequently the cross-links would be randomly distributed. 13C n.m.r. studies to determine peptide chain motion indicated that 80% of the elastin backbone carbons exhibited mobility similar to an amorphous polymer such as rubber, and X-ray diffraction studies indicated little short-range order.
The alternative view favoured by biochemists was that the chains have a preferred confor mation that is always returned to after stretching and that some structure must exist in parts of the molecule to ensure correct location of the cross-links. Elastin cannot therefore be con sidered a perfect rubber, although the elasticity of the globular domains is entropy driven owing to the interaction of hydrophobic groups in the aqueous milieu on relaxation of the tension.
The difficulties of the perfect elastomer concept are that measurements are made under non-physiological conditions. By reducing the water content any structure at the molecular level would disappear and elastin fibres behave as a random network. In addition crosslinking from random chain contact of the very mobile chains would take a long time to form desmosine.
On the other hand the partial structure concept of Miles is supported by the fact that con figurational changes must occur during coacervation, the 20% restriction of the movement of peptides observed by the n.m.r. and the results of circular dichroism studies revealing an a-helical structure of the cross-link regions, and the filamentous sub-structure seen in the electron microscope.
Support for the structured nature of elastin was obtained later by two different approaches. Bryan Sykes, as a Ph.D. student with Miles at Bristol, isolated the soluble precursor of elastin, termed tropoelastin, from lathyritic chick aortas and determined its molecular mass to be about 72 kDa, similar to that obtained by US workers. This monomer possessed a high lysine content which when warmed formed a coacervate similar to the oxalic acid-solubilized a-elastin, and only formed desmosine cross-links in the presence of lysyl oxidase after coac ervation. This strongly suggested that the phenomena of coacervation was not only critical in organizing the secondary structure of the cross-link region, but that the globular domains possessed some structure.
Miles had always been intrigued by the phenomena of coacervation and with Dan Urry (Alabama), who had been studying the configuration of synthetic elastin peptides, carried out a collaborative study of coacervation.10 Urry had demonstrated the secondary structure of synthetic peptides containing prolyl and glycyl residues which produce almost right angle bends in the peptide chains through P-tums. With an increase in temperature in water a tran sition to the cross P-type of structure occurs, that is, hydrogen bonding between the C-O of residue 1 and the N -H of residue 4. This increase in intramolecular order is typical of iso lated elastin peptides, and possibly accounts for the 'structured' nature of the coacervate. Urry proposed that a significant proportion of these P-turn units can form helical arrays, des ignated P-spirals, and that between these regions the peptide chains are kinetically free. The association of these P-spiral conformations in twos and threes could also produce the beaded 4.0 nm filaments observed in the electron microscope when coacervates of elastin are exam ined. Such a repetitive pattern could then account for an organized distribution of crosslinking points. The apposition of the lysine residues available to form the desmosine cross-links is probably further increased by the a-helical structure of the short peptides con taining lysines projecting radially from the helix and therefore in close contact with adjacent closely packed a-helical regions.
Miles's original concept that elastin is not a true elastomer under physiological conditions, but contains structured cross-link regions and extensible globular domains, has been borne out by these additional studies. The recent question as to the extent of 'structure' in the glob ular domains in native elastin remains to be confirmed.
The assembly of elastin fibres still poses a problem. The mechanism has been attributed primarily to coacervation, but the interaction of tropoelastin with other components of the fibre, that is, the microfibrillar glycoproteins, is also regarded as important. It is most likely that both are involved, the microfibrils directing the coacervate of tropoelastin. The microfib rils can be seen at the periphery of elastin fibres in the electron microscope (figure 3). The cloning of the genes of the various components of the elastic fibre should facilitate the eluci dation of the role of fibrillin and provide evidence on how elastic tissues form parallel fibres in ligamentum nuchae, a network of fine fibres in the dermis and laminated sheets in the major blood vessels. Research on elastin will then have answered all the major questions originally posed by Miles.
V is it in g w o r k e r s Miles Partridge's distinguished career was almost entirely spent working in government food research laboratories, initially for DSIR at the LTRS, Cambridge, and latterly for the AFRC at the Meat Research Institute, Langford, Bristol. He did not therefore have access to a continuing stream of Ph.D. students but carried out all his research with never more than one or two post-doctoral fellows and two highly experienced technicians.
His work naturally attracted a succession of visiting biochemists to his laboratory. In the 1950s the development of chromatographic techniques attracted Dr A. Gottschalk from the Institute of Medical Research, Melbourne, who used the techniques to demonstrate the initial reaction of amino acids and sugars (the Browning Reaction) to form glycosides, and then the ketone derivative formed through the Amadori rearrangement. Another Australian, N.K. Boardman (later F.R.S. and Chief Executive of CSIRO) came as a Ph.D. student and used ion-exchange to separate proteins, and even succeded in separating sheep foetal CO-haemoglobin from bovine CO-haemoglobin. Dr Lorenzo Gotte came from Padua to study the com position of elastin in different tissues and demonstrated identical composition from ligamentum nuchae, aorta and ear cartilage. He was followed by several other members of the Padua School such as Dr A. Serafini-Fracassini and Dr D. Volpin. Dr Boyd O 'Dell came from the US and studied the effects of copper deficiency and lathyrism induced by P-amino propionitrile on the composition of chick aorta elastin. In both cases there was an increase in the lysine content and a reduced desmosine content. Dr Barry Starcher, also from the US, continued the elucidation of the mechanism of cross-linking and isolated and characterized an intermediate of desmosine formation named merodesmosine. Dr Fred Keeley came from Canada and studied the changing composition of elastin with age and arteriosclerosis.
T h e MAN AND HIS FAMILY It was inevitable that possessing the initials S. M. that Miles would be nicknamed Sam and apart from his family friends he was generally known as Sam. When I first joined the LTRS staff in 1960 I, like many others, assumed that this was his real name, only learning later that the initial S. stood for Stanley.
Some years later on returning from a Harkness Fellowship to the US, I joined his group to add collagen expertise. Although he considered collagen had been worked out (no one could have foreseen the multiplicity of collagen types found in the 1980s) he gave me a free hand and never tried to direct my research. Although he felt that he should take responsibility for the work of his students and young post-docs by having his name on the publications, he never encroached on the fields of other members of his department, but was always willing to give advice.
Despite his achievements Miles remained a modest, kind and genial man with a certain old-world charm about him. One Antipodean Ph.D. student and his wife were invited to supper at the Partridge's, and thinking this meant a late snack they had a good dinner before hand, only to find another full dinner awaiting them on arrival. He was a very private man and conservative in his views. He never liked statistics, believing that chemistry dealt with facts, and he told many students that automation took the fun out of science. He was a heavily built man and when one post-doctoral fellow insisted on having a rope fire exit from the second floor laboratory I was surprised and impressed when he was the first to abseil down the side of the building.
He was a man of considerable integrity, intensely devoted to the value of research, but being highly sensitive and generous, found it hard to take tough decisions that would have unfortunate consequences for his colleagues. He found lecturing somewhat of a trial, but his published papers are models of clarity. He was not a dominating figure, for that was not his style, but he generally won his arguments by his superior fund of knowledge. He was strong willed and pulled himself through quite difficult illnesses in later life even though his eye sight was failing and he knew his body was damaged by arteriosclerosis and diabetes.
He possessed a vision of connective tissue well ahead of his time but in his own work required rigorous data. This questioning of the minutiae of results could be particularly irri tating for his colleagues, so much so that they sometimes felt that he did not believe them.
He was not a great socializer about town, but he was a charming host with his wife Ruth at dinner in his home. He was perhaps at his best in these situations, enjoying good wine and good company. They lived at Mill Stream House, Cheddar, Somerset, in what once had been Cheddar Hall, and guests were always invited to see the trout in the stream at the rear of the house. Following his retirement he used one of the rooms as a studio for his painting.
It was certainly an event to be invited to dinner at the Partridges. Ruth was educated partly in France and was a superb cook. Ruth was a staunch supporter of Miles and a pillar in the local church but never persuaded Miles to join her. Sadly she pre-deceased him by a few weeks. Miles then moved back to East Anglia to live with his eldest daughter on a farm. He died peacefully exactly as he might have chosen, with a scientific paper in one hand and a glass of sherry in the other.
His marriage was a very happy one, and he was devoted to his family. They had four daughters, Susan, Jill, Francis and Hillary, all of whom now have families of their own, and perhaps because he had more time in retirement, he appeared more relaxed with his grand children than his own. The eldest trained as a physical education teacher, Jill also as a teacher, while Frankie trained in Fine Arts gaining a B.A. at Bristol. The youngest, Hillary, gained a B.Sc. from Bristol and a Ph.D. from Durham, specializing in social and economic conditions in Italy. The ceremony for his honorary M.D. from Padua University was doubly memorable for him with Hillary acting as guide and translator. In preparing this memoir I am grateful to the Partridge family, several of his colleagues, and the Royal Society for the early biographical material from his personnel file. P u b l ic a t io n s m e n t io n e d in t h e t e The complete bibliography appears on the accompanying microfiche. A photocopy is available from the Royal Society library at cost.
